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ABSTRACT  We  demonstrate  a  process  for  batch  production  of  large-area  (100-3000  pcm2)  patterned  free¬ 
standing  graphene  membranes  on  Cu  scaffolds  using  chemical  vapor  deposition  (CVD)-grown  graphene.  This 
technique  avoids  the  use  of  silicon  and  transfers  of  graphene.  As  one  application  of  this  technique,  we  fabricate 
transmission  electron  microscopy  (TEM)  sample  supports.  TEM  characterization  of  the  graphene  membranes 
reveals  relatively  clean,  highly  TEM-transparent,  single-layer  graphene  regions  (—50%  by  area)  and,  despite  the 
polycrystalline  nature  of  CVD  graphene,  membrane  yields  as  high  as  75—100%.  This  high  yield  verifies  that  the 
intrinsic  strength  and  integrity  of  CVD-grown  graphene  films  is  sufficient  for  sub-100  pun  width  membrane 
applications.  Elemental  analysis  (electron  energy  loss  spectroscopy  (EELS)  and  X-ray  energy-dispersive  spectroscopy 
(EDS))  of  the  graphene  membranes  reveals  some  nanoscaled  contamination  left  over  from  the  etching  process, 
and  we  suggest  several  ways  to  reduce  this  contamination  and  improve  the  quality  of  the  graphene  for  electronic 
device  applications.  This  large-scale  production  of  suspended  graphene  membranes  facilitates  access  to  the  two- 
dimensional  physics  of  graphene  that  are  suppressed  by  substrate  interactions  and  enables  the  widespread  use  of 
graphene-based  sample  supports  for  electron  and  optical  microscopy. 
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Many  of  the  predicted  properties 
arising  from  the  two-dimensional 
nature  of  graphene1  -4  can  be 
obscured  or  altered  by  perturbations 
caused  by  an  interaction  with  an  underly¬ 
ing  substrate.5  Therefore,  interest  and  effort 
have  heightened  for  the  preparation  of  sus¬ 
pended  graphene  structures  to  ascertain 
graphene's  fundamental  properties6-16 
and  explore  nanomechanical17'18  and 
electronic9,13,19  applications  not  possible 
with  substrate-bound  graphene.  However, 
current  techniques  used  to  produce  sus¬ 
pended  graphene  membranes  are  underde¬ 
veloped  and  generally  not  scalable.  These 
techniques  rely  on  low-yield,  serial  pro¬ 
cesses  typically  involving  the  transfer  of  op¬ 
tically  identified  exfoliated  graphene1  or 
graphene  grown  on  metal  substrates20,21 
to  a  perforated  substrate,8  such  as  a  com¬ 
mercial  transmission  electron  microscopy 
(TEM)  grid,19,22  or  to  a  substrate  for  addi- 
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tional  microfabrication  processing  (i.e.,  pat¬ 
terned  metal  deposition,  etching,  etc.)  to 
produce  a  suspended  membrane6'7  In  any 
case,  optical  identification  is  a  meticulous 
process,  even  for  the  trained  eye,  which  to¬ 
gether  with  the  delicate  nature  of  graphene 
transfer  precludes  the  possibility  of  wafer- 
scale  fabrication. 

In  this  report,  we  present  a  scalable,  eco¬ 
nomical,  and  parallel  process  for  the  fabrica¬ 
tion  of  graphene  membranes  suspended 
over  lithographically  patterned  Cu  scaffolds 
without  the  use  of  silicon,  commercial 
sample  supports  (i.e.,  TEM  grids),  or  any 
graphene  transfer  steps.  Our  process  pro¬ 
duces  high-quality  single-layer  graphene 
membranes  in  high  yield  (>75%)  with  con¬ 
trollable  diameters  ranging  from  20  to  60 
|xm,  which  are  ideally  suited  for  use  as  sup¬ 
port  structures  to  study  other  atomic  and 
nanoscale  materials,23  systems,24'25  and  dy¬ 
namics  using  electron7,16'23  and  optical12 
microscopy  and  spectroscopy.  Furthermore, 
this  work  establishes  the  strength  and  sta¬ 
bility  of  suspended  CVD-grown  graphene 
films  in  large-area  membrane  applications 
and  permits  further  characterization  of  this 
important  new  material. 

RESULTS  AND  DISCUSSION 

Our  suspended  graphene  membrane 
fabrication  process  (Scheme  1)  begins  with 
low-pressure  chemical  vapor  deposition 
(CVD)  of  methane  and  hydrogen  to  grow 
graphene  on  10  and  25  p,m  thick  Cu  foils  as 
described  by  Li  et  al 21  Since  the  CVD  pro¬ 
cess  coats  both  sides  of  the  foil  with 
graphene,  we  remove  the  graphene  from 
one  side  of  the  Cu  foil  using  an  oxygen  re¬ 
active  ion  etch  and  cover  both  sides  of  the 
foil  with  positive  photoresist.  A  photomask 
with  the  desired  dark-field  pattern  is  placed 
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Scheme  1 .  Process  flow  diagram  for  transfer-free  suspended  graphene  membrane  fabrication  on  Cu.  The  top  and  bottom 
of  each  image  corresponds  to  the  plan  view  and  side  view  of  the  substrate,  respectively.  (1 )  CVD  synthesized  graphene  grown 
on  Cu.  (2)  Graphene  from  one  side  of  Cu  is  removed  with  an  oxygen  plasma  etch,  and  (3)  both  sides  of  the  substrate  are 
coated  in  photoresist.  Conventional  photolithography  is  used  to  pattern  the  resist  on  the  Cu  side  of  the  substrate  to  (4)  ex¬ 
pose  the  mask-defined  regions  of  the  Cu.  (5)  A  ferric  chloride  solution  etches  the  Cu  down  to  the  underlying  graphene/re¬ 
sist.  The  remaining  photoresist  is  stripped  resulting  in  (6)  a  patterned,  suspended  graphene  membrane. 


over  the  resist/Cu  side  of  the  substrate,  which  is  then 
given  an  appropriate  UV  exposure  followed  by  immer¬ 
sion  in  wet  developer.  The  resulting  exposed  patterned 
regions  of  the  Cu  surface  are  then  etched  by  submers¬ 
ing  the  foil  in  an  aqueous  solution  of  FeCI3,  which  is 
lightly  agitated  with  a  small  stir  rod.  The  etching  pro¬ 
cess  is  complete  when  the  etch  reaches  the  graphene, 
approximately  7  min  for  1 0  |xm  thick  Cu  foils  and  20  min 
for  25  p,m  thick  Cu  foils.  Longer  etching  times  cause 
the  hole  diameters  to  further  dilate,  and  local  variations 
in  foil  thickness  and  solution  agitation  lead  to  some 
variation  in  hole  diameters  (see  Figure  1  b,c).  Finally,  the 
patterned  foil  is  thoroughly  rinsed  in  deionized  water 
to  remove  traces  of  the  etchant,  immersed  in  hot  ac¬ 
etone  (60  °C)  to  strip  photoresist,  rinsed  in  isopropyl  al¬ 
cohol,  and  allowed  to  air-dry. 

As  a  proof-of-concept,  we  fabricate  conventional 
TEM  sample  supports  (TEM  "grids")  consisting  of  a  —3.1 
mm  diameter  Cu  disk  with  suspended  graphene  span¬ 
ning  a  centered  9X9  array  of  patterned  circular  holes 
(Figure  1  b).  After  fabrication,  the  sample  supports  re¬ 
main  connected  to  the  foil  by  two  small  tabs  that  can 
be  cut  to  free  the  TEM  grid.  The  area  of  the  Cu  foils  used 
in  this  work  was  limited  by  the  inner-tube  radius  of 
CVD  quartz  tubes  to  about  2  cm2,  which  generated  four 
loosely  spaced  TEM  grids.  The  total  substrate  real  es¬ 
tate  of  a  TEM  grid  is  about  0.1  cm2,  so  using  a  tighter 
spacing  than  was  used  in  this  work  could  produce  as 
many  as  20  TEM  grids  per  2  cm2  foil.  With  larger  diam¬ 
eter  tube  furnaces  or  by  inserting  rolls  of  Cu  sheets  into 
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a  furnace,  our  process  could  be  used  with  much  larger 
area  foils  to  produce  thousands  of  graphene-based  TEM 
sample  supports  on  a  single  1 00  cm2  foil.  This  increase 
in  yield  is  a  several  orders-of-magnitude  improvement 
over  conventional  serial  preparation  of  graphene  TEM 
grids. 

The  quality  and  crystallinity  of  the  graphene  mem¬ 
branes  is  characterized  using  high-resolution  TEM  and 
electron  beam  diffraction.  We  find  that  approximately 
50%  of  the  graphene  surface  is  covered  with  islands  of 
amorphous  material  (see  Supporting  Information), 
which  is  similar  to  earlier  reports  on  graphene  TEM 
grid  preparation.23  Many  membranes  are  fully  intact  or 
have  tears  that  remove  only  5-35%  of  membranes,  as 
can  be  seen  in  Figure  Id,  although  tear-free  mem¬ 
branes  are  more  prevalent  when  their  width  is  on  the 
order  of  1 5  p,m  or  less.  In  Figure  1  d,  the  graphene  sheet 
is  made  visible  at  low  magnification  by  small  Cu  par¬ 
ticles  left  by  an  incomplete  etch.  Despite  the  contami¬ 
nation  shown  in  Figure  Id,  the  sample  is  often  highly 
clean  on  the  nanoscopic  scale,  with  atomically  clean 
single-layer  graphene  regions  on  the  order  of  104  nm2, 
as  shown  in  Figure  1e.  We  note  that  these  atomically 
clean  regions  are  as  large  as  or  larger  than  have  been 
previously  reported,6,7'1 9,22,23  and  that  the  Cu  particu¬ 
late  contamination  can  be  further  abated  with  a  post¬ 
etch  HCI  bath.  Electron  diffraction  analysis  (Figure  If)  in 
such  clean  regions  of  the  membranes  indicates  that  it 
has  the  hexagonal  crystal  structure  of  graphene's  hon¬ 
eycomb  lattice,  though  additional  rotated  diffraction 
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Figure  1.  Lithographically  defined  graphene  TEM  sample  supports, 
(a)  One  of  the  repeating  elements  of  the  photomask  used  to  create 
an  array  of  TEM  grids  (scale  bar:  1  mm),  (b)  Back-side  illuminated  op¬ 
tical  image  of  —3.1  mm  diameter  TEM  grid  produced  using  the  pro¬ 
cedure  outlined  in  Scheme  1  with  the  photomask  from  (a).  The  Cu 
tabs  can  be  cut  with  a  razor  blade  to  remove  the  grid  to  be  used  in 
a  conventional  TEM  sample  stage.  The  patterned  "7"  indicates  the 
graphene  side  of  the  grid  (scale  bar:  1  mm),  (c)  Scanning  electron  mi¬ 
crograph  shows  etched  holes  and  Cu  grains  on  25  pm  thick  foils 
(scale  bar:  200  pm),  (d)  TEM  of  a  55  pm  diameter  graphene  mem¬ 
brane.  Cu  nanoparticles  left  from  an  incomplete  etching  process 
help  visualize  the  graphene.  A  small  tear  in  the  lower  left  side  of 
the  membrane  contrasts  vacuum  with  clean  regions  of  the  mem¬ 
brane  (scale  bar:  10  pm),  (e)  Higher  magnification  TEM  of  a  large 
clean  region  of  a  graphene  membrane  with  sparse  amorphous  con¬ 
tamination  (scale  bar:  50  nm).  (f)  Selected  area  electron  diffraction 
pattern  of  the  membrane,  confirming  the  known  hexagonal  crystal 
structure  of  graphene  (scale  bar:  5  nm-1). 

spots  do  appear  in  some  regions,  which  suggest  the 
presence  of  complex  lattice  orientations,  most  likely 
from  multiple  graphene  grains  or  graphene  multilayers 
intersecting  the  beam  path.  Furthermore,  we  observe 
a  weak  monotonic  character  of  the  diffraction  peak  in¬ 
tensities  with  tilt  angle,  which  establishes  the  sus¬ 
pended  regions  as  mostly  single-layer  graphene,  in  ac¬ 
cord  with  Meyer  et  al.6 

The  transparency  of  clean  single-layer  graphene  is 
evident  from  Figure  2a,  which  shows  a  membrane  near 
a  region  of  free  space.  The  image's  grayscale  intensity 
distribution  in  regions  of  graphene  (red  dot/curve  in 
Figure  2a, b)  closely  resembles  regions  of  free  space 
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(blue  dot/curve  in  Figure  2a, b).  The  shift  from  vacuum 
and  broadness  of  the  intensity  distribution  of  the  amor¬ 
phous  regions  (gray  dot/curve  in  Figure  2a, b)  is  similar 
to  that  of  commercial  amorphous  carbon  and  Si3N4 
thin-film  sample  supports  and  makes  it  difficult  to  im¬ 
age  low-contrast  entities  such  as  biological  molecules 
or  low  atomic  number  elements.  Graphene's  relatively 
narrow  intensity  bandwidth  and  well-defined  crystallin¬ 
ity  thus  enable  TEM  and  diffraction  of  low  contrast 
objects. 

The  yield  of  intact  graphene  membranes  depends 
strongly  on  the  hole  diameter.  For  30-60  pm  diam¬ 
eter  holes  (area  ~  1 000-3000  pm2),  we  were  able  to  at¬ 
tain  yields — that  is,  regions  of  intact  suspended 
graphene — of  75%  using  25  pm  thick  foil,  while  nearly 
all  of  the  membranes  on  the  10  pm  thick  foils  had 
failed.  Flowever,  when  hole  diameters  are  reduced  to 
about  20  pm  (area  —300  pm2),  the  10  pm  thick  foil 
yield  improves  to  —60%  and  the  25  pm  thick  foil  yield 
surpasses  90%.  For  hole  diameters  si 5  pm,  we  observe 
that  both  10  and  25  pm  thick  foils  produce  intact 
graphene  membranes  nearly  1 00%  of  the  time.  The 
yield's  dependence  on  foil  thickness  may  be  related  to 
the  disparate  Cu  grain  sizes  seen  in  the  10  and  25  pm 
thick  foils,  a  result  of  different  foil  manufacturing  condi¬ 
tions.  We  found  that  the  annealed  (post-graphene 
growth)  10  and  25  pm  thick  Cu  foils  have  grains  on 
the  order  of  10  and  100-1000  pm2,  respectively,  as 
can  be  seen  from  the  SEM  micrographs  in  Figure  1c  for 
the  25  pm  thick  foil.  Smaller  Cu  grains  may  lead  to 
smaller  graphene  domains  and/or  a  higher  graphene 
"wrinkle"  density,  producing  weaker  graphene  films 
which  are  more  easily  destroyed  during  wet  process¬ 
ing.  Previous  work6,7  on  exfoliated  single-crystal 
graphene  generated  membranes  up  to  several  tens  of 
micrometers  in  width  by  using  critical  point  drying 
techniques.  We  note  here  that  suspended  CVD-grown 
polycrystalline  graphene  survives  rather  harsh  wet 
chemical  etching  and  drying  without  the  use  of  critical 
point  techniques,  confirming  not  only  the  robustness  of 
single  grains  but  also  the  interaction  strength  between 
adjacent  grains. 

Variations  in  hole  diameter  are  mainly  caused  by 
the  isotropic  nature  of  the  FeCI3  etch,  which  under 
ideal  conditions  (precise  timing,  controlled  etchant  con¬ 
centration  and  temperature,  uniform  fluid  agitation, 
etc.)  would  lead  to  radial  dilation  equal  to  the  Cu  foil 
thickness — thus,  suspended  graphene  regions  with  a 
diameter  equal  to  the  mask-defined  diameter  plus 
twice  the  Cu  foil  thickness.  Non-uniform  fluid  agitation 
(especially  near  the  resist  etch  mask)  causes  non¬ 
uniformities  across  the  foil,  with  smaller  features  often 
being  under-etched.  Since  we  used  large,  uniformly 
etched  features  as  a  visual  gauge  to  cease  etching,  we 
often  observe  unusually  low  dilation  in  the  array  of 
small  suspended  graphene  regions.  As  shown  in  Fig¬ 
ure  1c,  we  see  dilation  of  approximately  21  ±5  pm 
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compared  to  the  50  pm  diameter  dilation  ex¬ 
pected  for  25  pm  thick  Cu  foils,  in  addition  to  the 
15  pm  diameter  holes  defined  by  the  photomask. 
Variations  in  the  foil  thickness,  determined  by 
atomic  force  microscopy  (see  Supporting  Informa¬ 
tion),  have  a  negligible  contribution  to  the  overall 
hole  diameter  variations.  Also,  scanning  electron 
micrographs  of  hole  undersides  (see  Supporting  In¬ 
formation)  show  that  the  etched  pits  of  the  Cu  are 
not  smooth  but  contain  grains  as  large  as  3  pm  in 
diameter;  this  roughness  can  also  be  seen  in  the 
edges  of  the  membrane  shown  in  Figure  1  d.  This 
roughness  puts  a  lower  bound  on  the  size  of  sus¬ 
pended  graphene  regions  that  can  be  reproducibly 
fabricated  with  this  technique.  However,  a  slightly 
more  complex  microfabrication  pathway  would 
lead  quite  easily  to  more  precisely  defined  sus¬ 
pended  structures.  For  example,  by  the  appropri¬ 
ate  use  of  a  thin-film  material  and  its  correspond¬ 
ing  etchant  (e.g.,  silicon  dioxide/HF),  one  could 
define  a  secondary  support  scaffold  with  features 
approaching  the  current  limitations  of  photolithog¬ 
raphy  or  electron  beam  lithography. 

The  method  described  above  is  a  general 
technique  for  the  fabrication  of  suspended 
graphene  membranes  by  directly  etching  the 
underlying  copper  support  of  CVD-grown 
graphene.  For  some  applications,  such  as  for 
TEM  imaging,  the  membranes  can  be  used  di¬ 
rectly,  while  for  others,  such  as  for  sensing  or 
electronic  device  applications,26  it  may  be  desir¬ 
able  to  reduce  certain  kinds  of  surface  contami¬ 
nation.  Therefore,  it  is  instructive  to  know  what 
contaminants  remain  following  the  etch  pro¬ 
cess.  Figure  3a  is  a  color-contrast  TEM  micro¬ 
graph  showing  graphene  (orange)  with  a  typi¬ 
cal  amount  of  amorphous  carbon  contamination 
(yellow/light  green)  and  evidence  of  a  polycrys¬ 
talline  contaminant  (blue/green).  High- 
resolution  TEM  of  this  contamination  is  shown 
in  Figure  3b  and  illustrates  its  crystallinity.  We  ob¬ 
tain  an  elemental  fingerprint  of  the  contamination 
through  the  use  of  electron  energy  loss  spectros¬ 
copy  (EELS)  and  X-ray  energy-dispersive  spectros¬ 
copy  (EDS)  in  a  TEM.  Spectroscopic  analysis  was  per¬ 
formed  in  regions  with  contamination  similar  to 
that  shown  in  Figure  3a, b.  EELS  data  (Figure  3c)  re¬ 
veal  the  presence  of  carbon,  oxygen,  and  iron  in  our 
sample  with  an  approximate  atomic  ratio  (C/O/Fe) 
of  5:3:1 .  EDS  data  (Figure  3d)  confirm  the  existence 
of  carbon,  oxygen,  and  iron  but  also  detected  small 
amounts  of  copper  and  chlorine.  The  atomic  per¬ 
centages  determined  through  EDS  are  as  follows:  C 
(55%),  O  (32%),  Fe  (12%),  Cl  (1%),  and  Cu  (<1%).  The 
Cl,  Cu,  and  some  of  the  Fe  are  likely  left  over  from 
the  etching  and  may  be  in  the  form  of  FeCI3,  cop¬ 
per  oxides,  copper  chlorides,  or  more  complex  com- 
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Grayscale  Intensity 

Figure  2.  TEM  transparency  of  graphene  membranes,  (a)  Clean  regions  of 
single-layer  graphene  (red  dot)  near  a  tear  in  the  membrane  are  compared  to 
vacuum  (blue  dot)  and  amorphous  debris  (black  dot)  (scale  bar:  10  nm).  (b)  Gray¬ 
scale  intensity  distributions  of  single-layer  graphene  (red  curve),  vacuum  (blue 
curve),  and  amorphous  (black  curve)  regions.  The  graphene  and  vacuum  have 
nearly  indistinguishable  contrast  signatures,  while  the  amorphous  region's  dis¬ 
tribution  is  shifted  and  much  broader.  This  contrast  difference  makes  graphene 
far  superior  to  amorphous  carbon  in  resolving  low-contrast  entities. 

pounds.  However,  the  high  concentration  of  Fe  and 
O  relative  to  Cl  and  the  correlation  of  their  locations 
suggest  that  some  of  the  Fe  from  the  etchant  has 
formed  an  oxide  and  has  produced  the  nanosized 
crystals  on  the  graphene  surface  seen  in  Figure  3b. 

Rinsing  the  samples  in  a  solution  that  can  dissolve 
iron  oxide  (acetic  acid,  citric  acid,  etc.)  may  remove 
part  of  this  contamination.  To  avoid  the  formation  of 
iron  oxides  altogether,  one  could  also  employ  alter¬ 
native  Cu  etchants  such  as  sodium  persulfate,  am¬ 
monium  persulfate,  or  organic  acids  such  as  citric, 
glycolic,  acetic,  malic,  and  oxalic  acids.27 

In  conclusion,  we  have  demonstrated  a  process 
for  the  batch  fabrication  of  Cu-supported,  large- 
area  graphene  membranes,  which  shows  that  CVD- 
grown  graphene  has  sufficient  robustness  to  form 
suspended  membranes  comparable  in  size  to  the 
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Figure  3.  TEM  and  elemental  microanalysis  of  iron-containing  contamination  on  the  surface  of  FeCI3-etched  CVD  graphene, 
(a)  Color-contrast  TEM  micrograph  showing  regions  of  pristine  graphene  (orange-yellow),  amorphous  carbon  (yellow-light 
green),  and  iron-containing  contaminant  (dark  green-blue)  (scale  bar:  20  nm).  (b)  High-resolution  TEM  of  iron-containing 
contamination  (scale  bar:  5  nm).  (c)  Electron  energy  loss  spectroscopy  (EELS)  data  and  (d)  X-ray  energy-dispersive  spectros¬ 
copy  (EDS)  data  obtained  from  sample  regions  containing  contamination  similar  to  that  shown  in  (a)  and  (b).  EELS  data 
clearly  show  the  presence  of  carbon,  oxygen,  and  iron.  X-ray  spectroscopy  data  confirm  the  presence  of  carbon,  oxygen, 
and  iron  but  also  show  traces  of  copper  and  chloride. 

largest  produced  using  exfoliated,  single-crystal 
graphene.7  This  process  is  a  significant  enabling 
step  for  further  optical,  mechanical,  electronic,  and 
thermal  experimentation  on  graphene  and  can  be 
made  compatible  with  other  graphene  growth  sub¬ 
strates  such  as  Ni, 20,28  Pt,29  and  lr.30  Also,  we  used 
this  process  to  produce  graphene-based  TEM  sample 
supports  in  high  yield  that  provide  superior  con¬ 
trast  enhancement  over  commercially  available  thin- 
film  (a-C,  Si3N4,  etc.)  supports,  which  opens  up  the 
possibility  of  wafer-scale  production  of  graphene- 
based  TEM  grids.  The  well-defined  crystal  structure 
of  these  membranes  facilitates  their  use  as  a  metro¬ 
logical  diffraction  standard  and,  when  used  as  a 
sample  support,  permits  the  straightforward  re¬ 
moval  of  graphene's  diffraction  signal  from  electron 
beam  or  X-ray  diffraction  of  other  materials.  Elemen¬ 
tal  analysis  (EELS  and  EDS)  of  the  membrane  sur¬ 
face,  which  reveals  that  an  iron  oxide  contaminant 


can  be  left  over  after  the  etching  process,  provides 
important  insight  for  the  use  of  CVD-grown 
graphene  in  applications  such  as  sensing  and  elec¬ 
tronics.  Since  sufficient  inertial  clamping  is  provided 
by  the  copper  support,  our  method  can  be  utilized 
to  produce  suspended  graphene-based  nanoelectro¬ 
mechanical  systems  which,  due  to  graphene's  ex¬ 
traordinary  stiffness7  and  strength,11  low  mass,  and 
large  surface-to-volume  ratio,  could  provide  opti¬ 
cally  probed17  ultrahigh  resolution  force,  mass,  and 
charge  sensors.7,31  With  appropriate  processing  (po¬ 
tentially  involving  the  transfer  of  the  etched 
graphene/Cu  foil  to  an  insulating  substrate)  to  de¬ 
couple  the  graphene  from  the  copper  support  and 
thus  avoid  shorting,  one  could  use  these  suspended 
graphene  films  for  electrical  measurements  and  ap¬ 
plications.  In  addition,  these  membranes  show 
promise  for  separating  or  filtering  between  two  dif¬ 
ferent  environments. 
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METHODS 

Graphene  Membrane  Fabrication.  Large-area  polycrystalline 
graphene  films  are  grown  on  Cu  using  low-pressure  chemical  va¬ 
por  deposition  described  by  Li  et  al.2'  Briefly,  10  or  25  p.m  thick 


Cu  foils  (99.8%  Alfa  Aesar,  Ward  Hill,  MA)  are  loaded  into  a  CVD 
furnace  and  evacuated  to  a  base  pressure  of  —50  mTorr  under  a 
steady  2  seem  flow  of  H2  gas.  The  furnace  is  ramped  up  to  1 000 
°C  over  30  min,  and  then  CH4  gas  is  introduced  at  35  seem  for  30 
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min  during  which  graphene  growth  occurs.  The  furnace  is  then 
allowed  to  cool,  and  the  graphene  is  removed.  A  reactive  ion 
etcher  (Plasma  Etch,  Inc.,  USA)  is  used  with  50  seem  of  02  at  50 
W  for  20  s  to  remove  the  top-side  graphene.  About  1  |xm  of  re¬ 
sist  (Rohm  &  Haas  Megaposit  SPR  955-CM-0.9,  MicroChem  Corp., 
Newton,  MA)  is  spun  onto  substrates  at  —2000  rpm  and  baked 
at  110  °C  for  90  s,  then  masked  and  exposed  with  a  —175  mJ/ 
cm2  i-Line  dose.  The  substrates  are  post-baked  at  1 10  °C  for  90  s 
and  then  developed  in  1  -3.5%  TMAH  (OPD  4262,  Arch  Chemi¬ 
cals,  USA)  for  60  s  followed  by  Cu  etching  in  a  0.1  g/mL  aqueous 
solution  of  iron(lll)  chloride  hexahydrate  (ACS  reagent  grade 
97%,  Sigma-Aldrich,  USA),  which  is  lightly  agitated  using  a  stir 
bar  at  200  rpm.  The  sample  is  then  rinsed  in  deionized  water  to 
remove  traces  of  the  etchant,  immersed  in  hot  acetone  (60  °C)  to 
strip  photoresist,  rinsed  in  isopropyl  alcohol,  and  allowed  to 
air-dry. 

Electron  Microscopy.  High-resolution  transmission  electron  mi¬ 
croscopy  (HRTEM)  and  selected-area  electron  diffraction  were 
performed  with  a  JEOL  2010  microscope  operated  at  100  keV 
and  a  JEOL  2100-F  operated  at  120  keV.  A  single-tilt  stage  at 
room  temperature  and  a  liquid  nitrogen  anti-contamination  de¬ 
vice  were  used  in  both  microscopes.  X-ray  spectrometry  (INCAE- 
nergyTEM  250,  Oxford)  and  electron  energy  loss  spectroscopy 
(Tridiem,  Gatan)  were  performed  at  120  keV  in  a  JEOL  2100-F. 
Scanning  electron  microscopy  (SEM)  was  performed  in  an  FEI  Sir- 
ion  (FEI  Company,  USA)  operated  at  5  keV. 
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